Chemical looping of bio-oil is a promising route to convert this low-quality fuel to pure hydrogen with inherent gas separation and low energy penalty. In that the oil is liable to form coke during the heating process, the current chemical looping cycles usually suffer from low hydrogen purity and poor OC recyclability. In this paper, we proposed a strategy of adding steam in FR to suppress coke formation and enhance the hydrogen purity. To perform the chemical looping cycles, we first built a dual fluidized bed and attained the optimal operating conditions. The results showed the higher hydrogen purity, yield and good recyclability at 950 °C . Afterwards, we investigated effects of the steam to oil ratios on hydrogen purity, yield and the recyclability of oxygen carrier, and found adding steam in the fuel reactor was an efficiency way to enhance the hydrogen purity. The results suggested the hydrogen purity can reach 98%; nevertheless, it suppressed the hydrogen yield simultaneously. In terms of the redox performance of oxygen carrier, we also found the steam can weaken the reduction reactions, and therefore increased the particle recyclability. Our current study suggested the enhancement of the hydrogen purity was at the cost of the suppression in hydrogen yield, and we need to find a compromise between the hydrogen yield and the purity to pursue high system efficiency.
Introduction
Biomass has stimulated increasing attention in recent decades due to its large source abundance, net zero carbon emission, and especially the ability to produce renewable oils to reduce the dependence on petroleum . One of the most promising approaches to attain this liquid fuel is the biomass flash pyrolysis with the aqueous phase oil hydrotreatment, that is advantageous in terms of the high yields of specific and well-defined oil as well as the avoidance of energy-intensive distillation process . Unfortunately, two tough challenges should be overcome prior to scale-up this technology for industrial use. On one hand, large amount of hydrogen is required in upgrading the aqueous phase oil in order to lower its oxygen content. On the other hand, the non-aqueous phase oil, a major by-product during the oil separation, is difficult to be utilized . Under this circumstance, the use of non-aqueous phase oil as a feedstock to produce hydrogen for the aqueous phase oil hydrotreatment seems to be an ideal way to breakthrough.
With respect to the hydrogen production technologies, steam reforming is well established and commercially dominated thanks to the high economic efficiency and good technical maturity . In this method, fuels are subject to a two stage process including steam reforming to produce syngas and a water-gas shift reaction to maximize the hydrogen yield. Consequently, a large amount of CO 2 is mixed in the products and must be separated using processes such as Pressure Swing Adsorption (PSA) or Monoethanolamine (MEA) scrubbing; this results in intensive energy penalties and the loss of up to 30% of the produced hydrogen . In addition, since the increasing pressures on abating the greenhouse gas effects, generation of a pure and easily sequestered CO 2 waste stream is necessary to facilitate the subsequent CO 2 compression and storage.
Chemical looping is an emerging alternative approach to produce hydrogen with intrinsic CO 2 4 5 sequestration . In this process, gaseous fuels derived from the oil pyrolysis reduce the oxygen carrier (OC) material, giving rise to the oxygen-deficient OC and a gas mixture of CO 2 (R7) Over the above cycles, pure and isolated H 2 and CO 2 can be attained after condensing the gas streams, avoiding the complicated and expensive multistep separation processes. At present, the feasibility of this technology has been demonstrated using a wide range of gaseous fuels , including CO, syngas, CH 4 and carbonaceous fuels from coal/biomass gasification. The results showed good operability and hydrogen purity over 95% when using this method to generate hydrogen. However, the success in chemical looping of gaseous fuels cannot be directly extended to that of bio-oils; the reason is that the lignin derivatives obtained from the biomass pyrolysis, tend to re-polymerize during the heating process. This leads to the coke formation (pyrolytic lignin) and creates problems that affects the reactor feed system and operation, accelerates OC deactivation, and more importantly, pollutes the hydrogen stream . One example was the work carried out by Bleeker et al .
They used crude bio-oil as a feedstock to promote the chemical looping for hydrogen production.
The results confirmed the serious coking in the reduction period, which led to fast deactivation of 6 7 OC and produced considerable amount of gas contaminants in SR (R8 and R9). To the best of our knowledge, no such reports concerning suppressing the coke formation in chemical looping of oil have been found to date.
In this paper, we focused on reducing the coke formation in chemical looping to enhance the hydrogen purity. For continuous hydrogen production, we built a dual fluidized bed to carry out the reduction and oxidization reactions, and obtained the optimal operation conditions in terms of higher hydrogen purity, yield as well as stable OC activity. Based on a fact that the oil decomposition can be promoted with the help of some oxidants, we introduced steam to FR to limit the coke formation currently. To evaluate the chemical looping in the presence of steam in FR, the effects of the steam to oil ratio in FR on hydrogen purity, yield and recyclability were also investigated.
Material and methods

Materials
Austrian MAC iron ore, an iron-based natural material, was used as OC in this work. The as received particles were firstly calcined at 1000 o C for 6 h in air atmosphere to attain adequate mechanical strength, and then crashed and sieved to the size range of 0.02-0.045 mm. The chemical analysis of the samples is listed in Table 1 .
The crude bio-oil was produced by Shandong Tairan Co. Ltd in a 1000-ton pilot-scale cotton stalks pyrolysis unit. The in-situ separation of the oil was achieved by adding water into the oil condenser, aging for several days and drawing away the supernatant aqueous fraction. The deposited fuels were referred to as the non-aqueous phase oil to be used for producing hydrogen.
The density of the oil is 1270 kg.m -3 , and the ultimate analysis and water content of the oil are listed in Table 2 . recycle chamber) and the recycle chamber (which enables the particles crossing over the threshold and entering into the SR). The schemetic of the experimental set-up was shown in Fig. 1 .
Test procedure
Prior to the experiments, the total bed inventory of 6 kg was loaded in SR, while purging N 
Data evaluation
To facilitate the comparison of gas concentration of each component, the gas concentration ( i f ), N 2 free basis, can be obtained by:
Gas production of specie i ( i ṅ ) can be calculated based on a N 2 mass balance method: ( 12) where i x was the concentration of specie i measured by the gas analyzer, in ṅ and out ṅ were the total inlet and outlet volumetric gas flow rate; respectively.
Carbon conversion of the oil ( C X ) was defined as the accumulated amount of carbon in the outlet gas streams divided by the total amount of carbon in the bio-oil heavy fraction and can be calculated by: 2 4 out, FR CO ,FR CO, FR CH ,FR oil
Where oil n was the oil feeding rate, oil ρ was the oil density and c f was the carbon content of the oil which was shown in Table 2 .
Hydrogen yield was defined as the hydrogen production in SR per unit volume of oil, which can be calculated by:
To evaluate the effects of adding steam in FR on the overall chemical looping, the gross yield of H 2 in both FR and SR was also compared in terms of different steam to oil ratios, and it can be calculated by:
Results
Test profile
According to the work by Bleeker et al , oil was rapidly decomposed into gaseous products when feeding into FR at temperatures higher than 800 o C, that implied the oil pyrolysis was not the ratelimiting step and the resultant gas products would determine the subsequent chemical looping reactions. Therefore, in this section, the oil pyrolysis in a sand bed was performed first.
As listed in Table 3 , we can find that the higher temperature suppressed the formation of CH 4 and 14 15 CO 2 but favored the H 2 production; particularly, CO was independent on the operating temperature.
The competition relationship of CH 4 and H 2 can be easily attributed to the endothermic methane crack reaction (CH 4 C+2H 2 ). Based on a fact that OC possessed higher reactivity with CO and H 2 than that with CH 4 , the higher operating temperature resulting in more CO and H 2 would be better for the subsequent reduction process. However, the carbon conversion was unsatisfactory no matter which temperature was tested. The results listed in in the last column in table 3 suggested the maximum value of only 70% at 950 o C. Compared with the results using crude oil , this confirm the non-aqueous bio-oil was more liable to form the solid carbon . Clearly, the profile could be easily divided into three stages of regionⅠfor time t=0 min to t=70 min, region Ⅱfor t= 70 min to t= 130 min, and region Ⅲ for t= 130 min to t=200 min. Initially, the starting material was in the form of hematite; by virtue of the preferred thermodynamics in hematite reduction, almost all the reducing gas (CO, H 2 , CH 4 ) was absorbed and the outlet stream contained high purity of CO 2 . Therefore, this reduction period was suitable for producing or sequestrating CO 2 . With respect to SR, there was no hydrogen produced in this stage, evidencing the magnetite reduction had not occurred. In contrast, some carbonaceous gases were observed and CO 2 was produced in high concentration. The gas composition can be due to the gas leakage from FR to SR and the subsequent water-gas shift reaction in SR. When the reduction reaction progressed to 70 min (region Ⅱ), CO, H 2 broke through and CO 2 dropped dramatically, the point at which it can be deduced that the starting material of Fe 2 O 3 exhausted and the reduction to FeO or Fe occurred. The 16 17 intensified reduction in this stage endowed the OC with the ability to crack water and produce hydrogen. As a result, we observed a surge in hydrogen concentration in SR (Fig. 2b) . Based on the evolutions of FR gas compositions in region Ⅱ, it should be noted that the CO 2 /CO ratio tended to be stabilized. This implied the compromise between oxygen releasing and accepting rates of OC.
After 130 min (region Ⅲ), the two rates became comparable and OC composition kept largely unchanged. At this moment, the dual bed system stabilized and hydrogen with a purity of 84% was attained.
Effects of the operation temperature on redox performances
The effects of the operating temperature on the redox performance are shown in Fig. 3 . As can be seen, the results identified 950 o C was an optimal operating temperature in terms of the higher CO 2 and H 2 concentrations. This can be ascribed to more CO and H 2 produced at higher temperatures and the endothermic characteristics of these reduction reactions. However, we observed a slight decrease in CO 2 and H 2 concentrations when further evaluating the temperature to 1000 o C; this was possibly due to the lower carbon conversion at this temperature (Table 3 ). The hydrogen yield at 1000 o C was proved higher than that at 950 o C (Fig. 4) , and the increase in hydrogen yield maybe original from the reduction of OC by oil coke. To confirm this hypothesis, the carbon conversion of oil under the OC bed was calculated. As shown in Fig. 4 , we can find that the presence of OC can promote the oil pyrolysis significantly when comparing with the results under the sand bed. More importantly, this promotion was greater at 1000 o C than that at 950 o C.
To evaluate the recyclability of OC material, the 600 min long-term experiments were performed as well. As a whole, the hydrogen purity and yield decayed continuously with the cyclic time 18 19 increased (Fig. 5, 6 ). It was, not surprisingly, a result of the OC deactivation, i.e. the nanoparticle growth that can proceed through transport of molecular or monoatomic species between individual particles (Ostwald ripening) or through coalescence and migration of particles (sintering) . This deactivation generally led to the shrinkage in material surface area (Table 4) , and therefore increased the diffusion energy barrier (OC has a very limited path length in ion diffusion) .
Comparing with the hydrogen yield in different reduction temperatures, we have found higher temperature could give rise to higher yield (Fig. 4) . Unfortunately, the increase in temperature accelerated the OC deactivation (Fig. 5, 6 ), and negatively affected the hydrogen production.
Therefore, the hydrogen yield at 1000 o C was lower than that at 950 o C after 600 min long-term tests.
Enhancement on hydrogen purity
According to the above experiments, we can concluded that 950 o C was an optimal operating temperature in terms of the higher H 2 concentration and yield as well as good recyclability.
However, we have confirmed that the hydrogen purity in this selected temperature remained not desirable, i.e. hydrogen purity reached only 84% in 950 o C that cannot satisfy the practical use, such as hydrogen-powered fuel cells, directly as fuels or hydrodeoxygenation of aqueous phase bio-oil proposed in the current work. Therefore, some approaches to enhance the hydrogen purity are required.
In this section, three strategies to improve the current processes were proposed. One is to conduct the oil pyrolysis in a separated reactor and utilize the resultant gaseous fuels to react with OC, thus the solid carbon is isolated with no chance to participate in the subsequent redox reactions. Another method is to absorb the gas impurities using processes such as Pressure Swing Adsorption (PSA) or Monoethanolamine (MEA) scrubbing as was employed in the methane steam reforming . 20 21 Obviously, these two solutions will inevitably result in intensive energy penalties, extra capital costs as well as the increase in technical complexity. Since the gas contaminations in hydrogen stream were produced by the steam gasification of oil coke in SR, the hydrogen purity will be inherently enhanced if we can minimize the coke formation during oil pyrolysis period. Thermodynamically, the oil decomposition can be promoted with the help of some oxidants . For instance, when water was introduced into FR, the coke would be burnt to carbonaceous gases; the gas impurities produced by the steam gasification of coke could be released in FR directly. As a result, the coke to be transported into SR can be inherently separated and the hydrogen could be in-situ purified. To confirm this hypothesis, the steam was introduced during the reduction period at 950 o C, and the role of steam in redox performance was evaluated. Fig. 7 shows the effects of steam to oil ratio on the hydrogen concentration and yield. As can be seen, the hydrogen purity was improved as the steam to oil ratio increased, e.g. the hydrogen purity reached over 98% at steam to oil ratio of 2.5. This can be expected as the solid carbon had been burnt in FR. Nevertheless, the steam gasification of solid carbon, which was considered as a major source of the gas pollutants, contributed the hydrogen yield as well (R8 and R9); that implied part of hydrogen was eliminated along with the gasification of solid carbon in FR. As illustrate in Fig.7 , the steam added in FR played a negative effect on hydrogen yield. At steam to oil ratio of 2.5, we can attain high hydrogen purity of over 98%, whereas the hydrogen yield was only 480 ml.ml -1 oil.
On the contrary, if the hydrogen yield required to be maximized, the system can provide only 83.7% hydrogen purity. To sum up, hydrogen purity and hydrogen production were in a competing relationship, and the enhancement of the hydrogen purity was at the cost of the suppression in hydrogen yield.
Under this circumstance, we need to find a compromise between the hydrogen yield and the 22 23 purity to pursue high system efficiency. For the currently proposed aqueous phase hydrodeoxygenation, the hydrogen purity over 95% is required; the current result suggests the steam to oil ratio of 1.5 is preferred, under which we can attain a hydrogen purity of 96% and a relatively higher yield of 635 ml.ml -1 oil. With respect to the gross yield of H 2 in both FR and SR, a slight decrease can be observed (Table 5) ; this is possibly due to the weakened water-gas shift reaction in FR. Compared with the case without steam in FR, the coke was reformed in SR. With the help of the intensified oxidization atmosphere, the water gas shift reaction can occur successfully and drag the reaction to produce more hydrogen. However, when water was added, most of the coke was reformed in FR where the reduction atmosphere was dominated, thus the reforming of CO was suppressed thermodynamically.
The long-term test was also carried out to evaluate the cyclic performance under different steam to oil ratios. The results, not surprisingly showed the hydrogen yield and purity was declined with the cycling time elapsed (Fig. 8) . More importantly in this test, we found the deterioration of cyclic performance was much slower in terms of higher steam to oil ratios, e.g. the hydrogen purity, when steam to oil ratio was 2.5, decreased by 2% after 600 min long-term experiments that was in contrast to 4% if no steam was added; this result indicated adding steam in FR was also a promising approach to mitigate the OC deactivation. The reasons can be ascribed to the reduction level of OC; according to Bauer-Glaessner diagram , more steam in OC reduction can efficiently suppress the formation of metallic iron, which was reported as a major cause to particle sintering. For the oil hydrodeoxygenation, we need to ensure the hydrogen purity over 95%, but the purity decrease to 94.8% after 600 min running. Our current experiments suggested that we could adjust the steam to oil ratio during the chemical looping operation to meet the desirable hydrogen purity. 
Discussion
Chemical looping for gas conditioning
For a typical chemical looping cycle, 1 mol H 2 can be obtained no matter the input feedstock is 1 mol CO, or 1 mol H 2 according to the overall oxygen mass balance (Fig. 9) , so the net benefits are turning 1 mol CO to 1 mol H 2 . Based on this hypothesis, one could note that chemical looping can be employed as an efficient way for gas conditioning. According to our current results, we attained nearly 2:1 H 2 /CO syngas in total gas products (Fig. 3, FR and SR gas products) that is suitable for methanol synthesis. In a similar way, higher H 2 /CO ratio can also be achieved through the adjustment on the solid flux and phase composition of OC, e.g. we can regulate the H 2/ CO ratio to 3:1 by chemical looping for synthetic natural gas production. Compared with the competing method (water-gas shift reaction), this approach possesses the accurate definition on the H 2/ CO ratios without an extra gas conditioning unit. We anticipate this strategy can expand the applications of the chemical looping to produce more clean chemicals with CO 2 capture.
An novel fluidized bed for chemical looping hydrogen production with CO 2 capture
As shown in Fig. 2 , we can observe the large amount of H 2 and CO was free to react with OC particles, implying extensive energy penalty and great environmental concerns. In addition, the FR gas stream generally needs to have high CO 2 concentration for facilitating the subsequent capture and storage of the greenhouse gases. To meet these energy and environmental challenges, we proposed a novel fluidized bed in this section, and the corresponding chemical looping occurred in each reactor is also discussed.
In the chemical looping of iron oxides, the reduction of oxygen carrier would experience three different stages, ranging from Fe 2 O 3 capable of absorbing CO and H 2 in a very low concentration, to 26 27 proposed a stacked FR consisting of a lower bed A and upper bed B, as shown in Fig. 10 with pure CO 2 emitted. In addition, the particle attrition associated with the high solid flux can be reduced since solid stream transported from FR to SR will no longer contain Fe 2 O 3 in this unit. The proposed reactor rearranges the chemical looping in the reactors and the co-production of H 2 and CO 2 was expected to be achieved.
Conclusion
In this work, hydrogen was successfully produced from non-aqueous bio-oil in a dual fluidized bed using the chemical looping redox cycle of Australian MAC iron ore. Considering higher hydrogen purity and yield, we confirmed 950 °C was the optimal operating temperature. However, the hydrogen purity remained not desirable due to the low carbon conversion of the oil. To address this problem, we proposed a method of adding steam in FR to eliminate the solid carbon, and investigated the effects of the steam to oil ratio on the redox performance. The results showed that adding steam in FR was an efficiency way to enhance the hydrogen purity. Nevertheless, it suppressed the hydrogen yield simultaneously. In addition, we found adding steam in FR can affect the reduction level of OC, and therefore mitigate the OC deactivation. As for the aqueous phase oil hydrodeoxygenation process, our current study indicated the steam to oil ratio of 1.5 was preferred, under which we can attain a hydrogen purity of 96% and a relatively higher yield of 635 ml.ml -1 oil.
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